ABSTRACT We measured the density, expansivity, specific heat at constant pressure, and sound velocity of suspensions of purple membrane from Halobacterium halobium and their constituent buffers. From these quantities we calculated the apparent values for the density, expansivity, adiabatic compressibility, isothermal compressibility, specific heat at constant pressure, and specific heat at constant volume for the purple membrane. These results are discussed with respect to previously reported measurements on globular proteins and lipids. Our data suggest a simple additive model in which the protein and lipid molecules expand and compress independently of each other. However, this simple model seems to fail to describe the specific heat data. Our compressibility data suggest that bacteriorhodopsin in native purple membrane binds less water than many globular proteins in neutral aqueous solution, a finding consistent with the lipid surround of bacteriorhodopsin in purple membrane.
INTRODUCTON
Purple membrane functions as a light-driven proton pump in Halobacterium halobium (1) . The membrane's sole protein constituent is bacteriorhodopsin, and the pump involves the protein in a cycle that is initiated by light. This paper is a report of thermodynamic properties of the native membrane. The data reported in this paper represent the first comprehensive thermodynamic description of any native biological membrane. In addition, our data may be useful in interpreting purple membrane experiments in which temperature and/or pressure are varied.
METHODS AND MATERIALS
Purple membrane samples were obtained from several laboratories (see acknowledgements). A given sample was suspended in phosphate buffer (50 mM) at pH = 6.9, centrifuged at 100,000g for 30 min, and resuspended in fresh buffer by immersion sonication for 30 s while the sample was kept under nitrogen gas. We followed the purification procedure of Braiman and Mathies (2) by repeating the sonication and the centrifugation procedure at least two and usually three times. The final resuspension of the sample in the buffer was done so that a few milliliters of a 1-2% suspension of purified purple membrane was produced. This suspension was degassed under partial vacuum just before use.
For a purple membrane suspension made up only of purple membrane fragments and buffer, the suspension density, p, can be expressed in terms of the apparent membrane density, Pmcem, the buffer density, po, and the concentration, Vmm.,,: P = Pmem Vmcm + (1 -Vmem) Po, (1) where Vmm is the volume fraction of membrane in suspension.
Thermal Expansion Measurement
Differentiation of Eq. 1 with respect to temperature (T) yields an equation relating the expansivities of the suspension (a), buffer (ao), and membrane (am,,.):
where a-(-0 ln p/O).
Measurement of the expansivity of the liquids was done in a vibrating quartz pycnometer built by two of us (C. J. Hardy and E. Gratton). We used distilled water and 1% NaCl for calibration. At any temperature between 50 and 300C, we found that the linear relation, Ap = KAP, between density (p) and oscillation period (P) gave the same result as when we used the strictly proper Hooke's Law relation (3), A(P2) = K'Ap. The constant, K = (4.12 ± 0.04) x 10-6 g/ml * ns, did not vary over the stated temperature range. All concentrations were measured by a dry weight method that is described later.
To measure the expansivities of the liquids, we used the following technique. After the temperature of the filled pycnometer is allowed to stabilize for 4 h, the temperature, measured as the resistance across a calibrated platinum thermometer, and the period of oscillation for a single liquid, such as water, are first measured at a low temperature (-1 OOC). The temperature is then reset on the temperature controller to a higher temperature (-200C) effectively filtered out of the data coming from the sample pycnometer, resulting in greater accuracy than be obtained from the sample pycnometer alone. The calibration and sample fluids were always introduced into the densimeter, and their periods measured, in the following order: N2 gas, double-distilled water, buffer, purple membrane suspension, buffer, double-distilled water, and N2 gas. N2 gas and double-distilled water were the calibration fluids that were used to determine the instrumental constants that relate the period of oscillation of the sample pycnometer to the density of the sample (3). After obtaining the density data for the buffer and the purple membrane suspension, the weight fraction of the sample that is attributed to purple membrane was determined by a dry weight method: two weighed samples (each of buffer and suspension) were dried at 400C, slowly under oil pump vacuum, until the dried samples had constant weight.
The measurements of the apparent specific volumes were made at 150 and 250C at two concentrations (-0.025 and 0.015, expressed as weight fractions). The latter sample was prepared by diluting a portion of the former sample with buffer. 2 We also checked if we could detect an effect of the two-dimensional lattice structure of native purple membrane on the apparent expansivity. To do this, we bleached a 50 mg sample of purple membrane by suspending it in 11 of an aqueous solution that was composed of 0.1 M NaCl and 1 M NH2OH. 15 mM Tris buffer was added until the suspension had a pH of 9.5. The suspension was then irradiated with light from a projector and incubated at 400C for 4 h. The suspension was then centrifuged, and the pellet was washed four times in the 50 mM phosphate buffer. Previous work has shown that bleaching purple membrane disrupts the two-dimensional periodicity of the membrane (4).
Sound Velocity Measurement
Sound velocity measurements were performed on a purple membrane suspension to determine the apparent adiabatic compressibility of the membrane. Our acoustic resonator apparatus is described in detail elsewhere (5) . The suspension adiabatic compressibility, ft, can be found from the suspension density p and sound velcity c in the suspension through the relationship fs5 = 1/pc2. In this equation S refers to the entropy of the system, which remains constant during compression.
Likewise the buffer compressibility O is obtained from (O = 1/poco2. The apparent adiabatic compressibility, BSm., of the purple membrane relative to the solvent is then determined from the relation, fls/4 = 1 -V,.m (1 - O..n/f), which is analogous to Eq. 2. For protein solutions, $5/1o, is linear with protein volume fraction V. to at least 0.02. Our measurements were performed at a Vi..m value of 0.007, which is well within the linear region for proteins (6) .
Specific Heat Measurement
The apparent specific heat of the purple membrane was determined in a DASM-IM scanning microcalorimeter (Mashpriborintorg, Moscow, Union of Soviet Socialist Republics) (7). In one type of scan both cells (the volume was I cc) of the calorimeter were filled with buffer, and in the other type one cell was filled with membrane suspension and the other with buffer. A scan rate of 10 K/min was used. Frequent measurements were made during each scan of the time, the temperature, and the voltages across each cell heater of known resistance. From these data the heat capacities of the cells and the contents were evaluated. The volumes of the cells and the heat capacities of the empty cells were known from earlier calibration experiments, the volumes having been obtained from scans with both cells filled with water. These data, together with the densities of the buffer and the suspension and the weight fraction of the membrane in the suspension, determined as described above, permitted evaluation of the apparent specific heat at constant pressure of the membrane, C'em, according to the equation where C'us is the specific heat of the suspension, Cf is that of the buffer, and X,l,¢, is the weight fraction of the membrane in the suspension. tion of the pycnometer) invariably gave straight lines with correlation coefficients very close to -1.000. As a measure of the deviation of those plots from perfect linearity, we chose to use a number derived from the correlation coefficient, r, but more sensitive than r to deviations from perfect linearity: 0 = (I -r bl/2. 0 describes the relative error of the slope derived from standard linear regression. Typical values for 0 obtained for temperature scans of purple membrane suspensions, buffer solutions, salt solutions, and distilled water are all -4 x 10-3. These values for 0, each of which is derived from a single curve, are of the same order of magnitude as the relative standard errors of the slopes that were calculated from several values of the slope and that we reported in this paper (Table I ).
This suggests that most, if not all, of 0 results from random deviations from a linear relation and not from systematic artifact that would result from attempting to fit nonlinear data to a straight line. (5) where X is either the temperature or the pressure. Consider Eq. 5 as a model for thermal expansion, i.e., with temperature as the variable of differentiation. We used published ditetradecanoyl phosphatidylcholine data at 200C as typical lipid data (9), i.e., Plipid = 1.06 g/ml and apPid/aT = -9.3 x 10-4 g/ml0K. A value of cPpro/cIT = -6.5 x 10-4 g/ml°K was chosen as a typical value for proteins (10) . To find plausible values for Vp and Ppro, we solved Eq. 4, subject to the constraints that Pmem is equivalent to our measured value of 1.22 g/ml, that the purple membrane is 75% protein by weight (1) , and that Plipid = 1.06 g/ml. As a result, Eq. 4 gives values for Ppro = 1.28 g/ml and for Vp = 0.71. Inserting these values into Eq. 5
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gives a predicted value of a.mem = 6.15 x 10-4/OK, which agrees well with our measured value of (6.05 ± 0.82) x 10-4/OK. Now consider Eq. 5 as a model for adiabatic compression. We use (dpid/dPs) = 4.60 x 1O-' g/ml * atm (1 1), and 0.15 fOwater for the adiabatic compressibility of bacteriorhodopsin, treating bacteriorhodopsin as a typical globular protein (12) . Eq. 5 now yields flsem = 1.74 x 10-5/atm for the membrane, which compares to our measured value of (2.30 ± 0.15) x 10-5/atm. This deviation between the model and the measurement is expected. The value for the compressibility of protein that we used in our model is typical for charged, hydrated globular proteins. The apparent adiabatic compressibility of globular proteins has been shown to be greatly influenced by the bound water (13) . Conditions that release the bound water (e.g., appropriate pH changes) yield higher apparent compressibilities for globular proteins than conditions that tend to bind water to charged groups on the protein. The fact that our measured compressibility is greater than the simply modeled value is thus expected because of the absence of bound water on those surfaces of the bacteriorhodopsin molecules that are in contact with the lipid molecules.
The fact that the simple additive models that we have constructed give predictions that agree so much with our data suggests that the lipid and protein components of the purple membrane act independently in thermal expansion and adiabatic compression. Other evidence that supports the simple additive model for thermal expansion is that, within the errors of our expansivity measurements, native and bleached membrane have the same expansivity. The existence of the 2-D lattice did not measurably affect amem.
Wilkinson and Nagle (14) reported an average value of -0.50 cal/OK * g for the apparent specific heats of lipids in bilayer suspensions at temperatures 200 below and above the main transition temperature. Assuming additivity in specific heats for the protein-lipid mixture gives a value of -0.50 cal/OK * g for the bacteriorhodopsin in the membrane, a value that is 50% larger than the average value for globular proteins given by Privalov and Khechinashvili (15) .
Presently, we do not understand why this apparent specific heat for the purple membrane is unusually large. We can speculate that differences in the structure or amount of bound water between bacteriorhodopsin and the globular proteins discussed in reference 15 may account for the large apparent specific heat of the membrane. Furthermore, it is not completely clear that our data do not agree with the data in reference 15 because we do not know the error in our specific heat measurement. We only estimated it from the dispersion in our three measurements.
The determination of the apparent ratio of the specific heat at constant pressure to the specific heat at constant volume can, a priori, be accomplished via either of two calculations using the data that have been presented in the Results section of this paper. One can calculate the apparent values for the density, adiabatic compressibility, specific heat at constant pressure, and expansivity of the purple membrane, and use these values in the following equation to 
Subtracting these two equations yields:
. (10) We have measured all the quantities on the right side of Eq. 10. We can therefore calculate the apparent isothermal compressibility of the membrane via its defining equation: In conclusion, we wish to stress that the thermodynamic quantities that we have reported are apparent values, i.e., there may be contributions from the bound water in addition to contributions that are intrinsic to the lipid and protein molecules. We did not specifically study the contributions of the bound water to any of our reported quantities, and we stress the importance of understanding such contributions before attempting to make hypotheses concerning the contributions from the protein and lipid molecules.
